We have derived the mean proper motions and space velocities of 154 Galactic globular clusters and the velocity dispersion profiles of 141 globular clusters based on a combination of Gaia DR2 proper motions with ground-based line-of-sight velocities. Combining the velocity dispersion profiles derived here with new measurements of the internal mass functions allows us to model the internal kinematics of 144 clusters, more than 90% of the currently known Galactic globular cluster population. We also derive the initial cluster masses by calculating the cluster orbits backwards in time applying suitable recipes to account for mass loss and dynamical friction. We find a correlation between the stellar mass function of a globular cluster and the amount of mass lost from the cluster, pointing to dynamical evolution as one of the mechanisms shaping the mass function of stars in clusters. The mass functions also show strong evidence that globular clusters started with a bottom-light initial mass function. Our simulations show that the currently surviving globular cluster population has lost about 80% of its mass since the time of formation. If globular clusters started from a log-normal mass function, we estimate that the Milky Way contained about 500 globular clusters initially, with a combined mass of about 2.5 · 10 8 M ⊙ . For a power-law initial mass function, the initial mass in globular clusters could have been a factor of three higher.
INTRODUCTION
The second data release of the Gaia mission (Gaia Collaboration et al. 2018b ) has provided five astrometric parameters for more than 1.3 billion stars in the Milky Way. Compared to its predecessor HIPPARCOS (Perryman et al. 1997) , the median accuracy in the proper motions and parallaxes has increased by a factor 50 while the number of studied stars has increased by more than a factor 10,000. In addition, Gaia DR2 contains line-of-sight velocities for more than 7 million stars. With this wealth of information of unprecedented accuracy, Gaia DR2 has a profound impact in many fields of astrophysics, like stellar astrophysics (Gaia Collaboration et al. 2018a) , the study of the dynamics of the Milky Way and other nearby galaxies ⋆ E-mail: h.baumgardt@uq.edu.au (e.g. Fritz et al. 2018 ) and even the study of massive black holes in the distant universe (e.g. Wolf et al. 2018) .
In the present paper we apply the Gaia DR2 data to study the motion and internal kinematics of globular clusters in the Milky Way. Gaia Collaboration et al. (2018c) have already determined the mean proper motions of about half of all Milky Way globular clusters based on the Gaia DR2 data, while Vasiliev (2018) has determined the mean proper motion of 75 of the remaining clusters. In this paper we add several additional clusters which so far have no determined proper motion, resulting in a near complete sample of globular clusters with measured proper motions. In addition, we also improve the accuracy of the mean line-of-sight velocities of globular clusters by using the Gaia proper motions to remove field stars from the sample of stars with measured line-of-sight velocities. The main part of the paper is then devoted to study the internal kinematics of the globular clusters, deriving proper motion dispersions from the Gaiaa DR2 data and combining these with stellar line-ofsight velocities to determine the internal velocity dispersion profiles. We then use N -body models to derive the presentday masses of the clusters.
We thus derive a complete picture of the Galactic globular cluster population in terms of present-day orbital and structural parameters. This information will be useful to understand the formation history of the Milky Way halo (accreted vs. in-situ) (e.g Myeong et al. 2018) , the total mass of the Milky Way and the shape of its dark matter halo using globular cluster orbits (e.g Posti & Helmi 2018) , the formation of massive star clusters in the early universe, and to understand the evolution and mass loss of globular clusters and the contribution of stars lost by them to the bulge and stellar halo of the Milky Way (e.g Brandt & Kocsis 2015; Fragione, Antonini & Gnedin 2018) , and we will briefly discuss some of these questions in our paper.
Our paper is organized as follows: In section 2 we describe the selection of cluster members in the Gaia catalogue, the derivation of the mean proper motions and the proper motion velocity dispersion profiles and the N -body fits to the observational data. Sec. 3 presents our results and in sec. 4 we draw our conclusions.
ANALYSIS

Cluster sample and selection of target stars
Our target list of globular clusters was taken from the 2010 edition of Harris (1996) , which lists 157 globular clusters. To this list we added the following three clusters that have been found to be Globular clusters: Crater (Laevens et al. 2014) , FSR 1716 (Minniti et al. 2017 ) and Mercer 5 (Mercer et al. 2005; Longmore et al. 2011) . We omitted the clusters Koposov 1 and Koposov 2 since Paust, Wilson & van Belle (2014) found that they are more likely to be several Gyr old open clusters removed from the Sagittarius dwarf galaxy. In addition, they found that both clusters have masses of less than 2,000 M⊙, but steep stellar mass functions, implying that Koposov 1 and Koposov 2 also formed as lowmass objects and are not stripped down versions of globular clusters. We also removed GLIMPSE-C01 for which Davies et al. (2011) concluded that it is a 400-800 Myr, intermediate-age disc cluster, and BH 176 which was also found to be an old, metal-rich open cluster that could belong to the galactic thick disc (Davoust, Sharina & Donzelli 2011; Sharina et al. 2014) .
We are thus left with a sample of 156 globular clusters. For each of these clusters we selected all Gaia stars within a circle of 1200 arcsec around the cluster centers given by either Goldsbury, Heyl & Richer (2013) or Harris (1996) . For IC 1257 and Ter 10 we found that the cluster centers given in Harris (1996) were incorrect and determined new centers from the positions of the member stars found in the Gaia DR2 catalogue. For each globular cluster, we then crosscorrelated the Gaia positions against the catalogue of 40,000 globular stars with line-of-sight velocity measurements compiled by Baumgardt & Hilker (2018) from published literature and archival ESO and Keck spectra. Using a search radius of 1", we were able to find Gaia DR2 counterparts for about 95% of all stars with measured line-of-sight velocities from Baumgardt & Hilker (2018) . For each cluster star, the individual line-of-sight velocity measurements from the ESO/Keck Science Archives, published literature measurements and Gaia DR2 were averaged and if found too discrepant from each other, the stars were flagged as possible binaries and not used in the later analysis. If necessary, the Gaia line-of-sight velocity measurements were shifted in each cluster to bring them onto a common mean velocity with the Baumgardt & Hilker (2018) velocities. The necessary shifts were usually less than 0.5 km/sec, in agreement with the systematic offset in the Gaia line-of-sight velocities found by Katz et al. (2018) for faint stars.
Derivation of the mean proper motions
From the sample of stars found within 1200 arcsec of the center of each cluster, we removed all stars that had lineof-sight velocities which deviated by more than 3σ from the mean cluster velocity. We also removed stars with parallaxes that deviate by more than 3σ from the expected parallax calculated using the distance given in Harris (1996) . We also removed stars with Gaia G magnitudes brighter than 1 magnitude or B − R colors redder than 0.5 magnitudes than the tip of the RGB to exclude obvious non-members from the determination of the mean cluster motion and internal velocity dispersion. To guide us in choosing these limits, we calculated MESA isochrones (Dotter 2016; Paxton et al. 2015) for each individual cluster and varied the assumed extinction until we obtained the best match of the MESA isochrone against the position of the cluster members in a G vs. B − R color-magnitude diagram. We also removed all stars which showed significant astrometric excess noise ǫi > 1 together with an astrometric excess noise significance D > 2 as given in fields 33 and 34 of the final Gaia catalogue, or for which the astrometric goodness-of-fit parameter given in the Gaia DR2 catalogue was larger than 3.5.
We furthermore removed stars which had too large proper motion errors. The maximum velocity error up to which we accepted stars was varied from cluster to cluster, but was generally of the order of about 1.5 times the central velocity dispersion of the giant stars, i.e. about 5 to 15 km/sec. We found that accepting stars with too large proper motion errors or astrometric excess noise generally lead to an overestimation of the proper motion dispersion profiles, however for small enough cut-offs the dispersion profiles did not depend on the chosen cut-off. For a few distant halo clusters or for heavily obscured bulge clusters, which had only few members in the Gaia catalogue, we accepted stars with velocity errors up to 50 km/sec for the calculation of the mean cluster motion. We also applied cuts in distance from the cluster centre to minimize field star contamination and excluded the centres of a few bright clusters where the stars showed large deviations from the mean motion of the cluster. The outer distance limits were varied on a cluster to cluster basis, but were usually of the order of 100 to 700 arcsec, depending on the field star density and how well the cluster proper motion separates a cluster from the field stars. We adopted about twice as large distance limits for stars with line-of-sight velocity measurements than for stars without line-of-sight velocity information, since a matching lineof-sight velocity significantly reduces the probability that a cluster star is a field star. Fig. 1 illustrates our selection pro- Figure 1 . Selection of cluster members for the globular cluster NGC 5272 (M3). In all panels stars with measured line-of-sight velocities that were used for the determination of the mean cluster motion and the internal velocity dispersion profile are shown in red, stars with line-of-sight velocities that were discarded due to e.g. too large proper motion errors are shown in blue and stars that are members based on their line-of-sight velocities but non-members according to their proper motions are shown in brown. Stars without line-of-sight velocities but having a matching proper motion are shown in grey. Panel a) depicts the proper motion distribution of all stars in the field of NGC 5272, panel b) shows a color-magnitude diagram of NGC 5272 with the best-fitting MESA isochrone shown by a green line, panel c) shows the line-of-sight velocity distribution of stars and panel d) depicts the spatial distribution of stars in a 600" by 600" field around the cluster centre. The proper motions of the individual stars were rotated into a coordinate system in which both components are statistically independent of each other.
cess of cluster members for the globular cluster NGC 5272 (M 3).
Our first estimate for the mean proper motion of each cluster was then calculated by averaging the mean proper motion of all stars that are known cluster members based on their line-of-sight velocities. For clusters located in fields with a very strong background density of stars, we obtained a first estimate by visually inspecting the proper motion distribution of all stars within 50 arcsec of the cluster centre. We then determined all stars that have a proper motion within 2σ of the mean cluster motion, taking into account the intrinsic velocity dispersion of the cluster as well as the proper motion error of each star, and calculated a new estimate for the mean proper motion of a cluster based on these possible members. This process was repeated until the mean cluster motion and the list of cluster members became stable between successive iterations.
The mean proper motion, its error and the correlation between the two proper motion components were determined from the member stars as follows: Starting from eq. 10 of Lindegren, Madsen & Dravins (2000) , the combined log Likelihood for an ensemble of i stars each with its own proper motion (µα * i, µ δi ) , associated errors σµ α * i , σµ δi and covariance ρi is given by:
(1)
Here < µα * > and < µ δ > are the mean cluster motions in right ascension and declination and σ Cl is the internal velocity dispersion of the cluster, which we either took from the best-fitting N -body models of Baumgardt & Hilker (2018) or from our new fits that we derived in this paper. Calculating the first derivative of the above equation with respect to < µα * > and < µ δ > and setting it to zero gives the bestfitting values for the mean motion. The associated errors and the correlation between the proper motion components were then calculated from the second derivatives according to:
The mean proper motions that we have derived are in good agreement with the ones found by the Gaia Collaboration et al. (2018c) and Vasiliev (2018) , however since their data is also based on the Gaia DR2 data, their proper motions do not provide a fully independent check of our results. Fig. 2 shows the differences in the mean proper motions derived in this work vs. the mean cluster proper motions that were derived by Sohn et al. (2018) from multi-epoch HST data. It can be seen that the resulting residuals are larger than expected based on the statistical errors alone since the proper motions of some clusters deviate by more than 3 σ from each other. Most discrepant is NGC 5466, for which the Gaia and HST proper motions differ by more than 5σ in each direction, pointing either to strong systematics in the Gaia catalogue in the field of NGC 5466 or a problem in the HST data. Excluding NGC 5466, the residuals in the HST vs. the Gaia proper motions are in agreement within the uncertainties if we assume a systematic error of 0.10 mas/yr in either the Gaia or HST proper motions, in good agreement with the value of 0.07 mas/yr derived by Lindegren et al. (2018) for the size of systematics on small angular scales in the Gaia DR2 proper motions. Sohn et al. (2018) from HST data. The differences between the proper motions are larger than expected based on the formal error bars. Most discrepant is the globular cluster NGC 5466 (shown by a red triangle), for which the proper motion difference is about 5 times larger in both directions than the combined error estimates.
we derived from the Gaia DR2 data. For GLIMPSE C02 and 2MASS-GC01 we could not reliably identify any cluster members in Gaia DR2 and so these clusters are not listed. For the other clusters we derived mean proper motions based on between 2 and 2300 stars. The total number of cluster stars in Gaia DR2 is usually higher than the number of stars used by us, however, adding more stars would not have increased the accuracy of our solution, since, as shown in Fig.  1 of Vasiliev (2018) , when more than 100 stars are used to derive the mean proper motion, the formal accuracy of the mean proper motion drops below the large-scale systematic errors of Gaia DR2. We also calculated mean line-of-sight velocities and their errors from the cluster members. For clusters that were not studied by Baumgardt (2017) or Baumgardt & Hilker (2018) , we first searched the published literature as well as the ESO and Keck Science archives for additional line-ofsight velocity measurements and unpublished spectra. Additional literature that was used in this paper is listed in Table 2 and the reduction of the archival ESO and Keck data was done as described in Baumgardt & Hilker (2018) . We list the mean line-of-sight velocities together with their errors in Table 1 . Our solution for the mean line-of-sight velocity of Ter 9 is somewhat uncertain due to the large number of background stars in the field and the fact that the mean cluster motion is based on only two stars that have both a measured line-of-sight velocity and a proper motion in Gaia DR2. Our solution for the mean line-of-sight velocity (29.31 ± 2.96 km/sec) also differs significantly from the one found by Vásquez et al. (2018) (71.4 ± 0.4) km/sec and Harris (1996) (59 ± 10 km/sec). The orbits of 2MASS-GC02 and Mercer 5 are also somewhat uncertain due to the very large extinction of both clusters, which makes identifying members in Gaia difficult. In addition, the line-of-sight velocities of both clusters are uncertain. If our space motion is correct, both clusters move on orbits that are almost perfectly aligned with the Galactic plane and stay within ± 200 pc of the plane of the Milky Way's disc.
Internal cluster kinematics
We calculated internal velocity dispersion profiles of globular clusters from both the line-of-sight velocities and the Gaia proper motions. For the line-of-sight velocity dispersion profiles, we followed the maximum-likelihood approach described by Baumgardt (2017) and Baumgardt & Hilker (2018) . For stars with measured proper motions in Gaia DR2, we used the proper motions to remove non-members before calculating the line-of-sight velocity dispersion profiles. For stars without measured proper motions, we used only the line-of-sight velocities to remove non-members. Proper motion cleaning was most useful for the outer parts of bulge globular clusters, where it generally lead to a reduction of the velocity dispersion profile and a better agreement with the best-fitting N -body models. In total we were able to determine line-of-sight velocity dispersion profiles for 127 globular clusters.
The proper motion dispersion profiles were calculated from the member stars with accurate proper motions selected in the previous section. We sorted these stars as a function of their distance from the cluster centre, transformed the proper motion of each star into a coordinate system in which both proper motion components are uncorrelated with each other, and then treated both proper motion components as independent measurements. The proper motion velocity dispersion profiles were then calculated in the same way as the line-of-sight velocity dispersion profiles. We did not correct for perspective effects (e.g. van de Ven et al. 2006 ) since these are usually less than 0.1 km/sec, i.e. significantly smaller than the cluster velocity dispersions themselves. In total we could determine internal velocity dispersion profiles for 103 globular clusters based on the Gaia proper motions. For 93 of these we were able to also determine the line-of-sight velocity dispersion profiles, while the remaining 10 only have proper motion dispersion profiles. Table 4 lists the proper motion dispersion profiles that we determined from the Gaia proper motions 1 . We also checked for the impact of a possible underestimation of the statistical parallax and proper motion errors in Gaia DR2 as found by Lindegren et al. (2018) and Mignard et al. (2018) on the internal velocity dispersion profiles. To this end we increased the statistical errors by 10% and rerun all our fits. We found that the velocity dispersion profiles of bright clusters are not affected by such an underestimation since the velocity dispersions of such clusters are determined mainly by bright stars which have errors smaller than the internal velocity dispersion. For faint clusters, the derived velocity dispersions can change by up to 10%, however even then the changes remain usually within the formal error bars of the velocity dispersions.
Surface density profiles and stellar mass functions
The surface density profiles of 118 globular clusters were already compiled by us based on published literature and our own measurements in Baumgardt & Hilker (2018) . For the remaining clusters we took the surface density profiles either from Trager, King & Djorgovski (1995) or other literature papers, as listed in Table 2 . When several measurements of the surface density profile were available, we combined them to increase the spatial coverage and accuracy of the observed surface density profile. HP 1, NGC 6522, NGC 6453, NGC 6540, Ter 1, Ter 3 and Ter 4 did not have well determined published surface density profiles, so we determined surface density profiles for these clusters from the near-infrared photometric data presented by Valenti, Ferraro & Origlia (2007) and Valenti, Ferraro & Origlia (2010) . The stellar mass functions of 42 clusters were already used by us in Baumgardt & Hilker (2018) , based mainly on the results obtained by from an analysis of the HST/ACS Treasury project data (Sarajedini et al. 2007) . To this data we added stellar mass functions of an additional 55 clusters in order to improve the accuracy of our N -body fitting and to be able to fit clusters that do not have kinematic data. We took 17 of these mass function measurements, based mainly on either HST/WFPC2 or HST/ACS data from published literature and list this data in Table 2 . In addition, we fitted the HST/ACS photometry of an additional 38 clusters from the MAST archive, using PARSEC isochrones (Bressan et al. 2012) to transform stellar magnitudes into masses. For the clusters that we fitted ourselves, we corrected the CMDs for variable extinction following the procedures in Bellini et al. (2017b) before deriving stellar masses from the isochrones, and applied artificial stars tests according to Bellini et al. (2017a) to correct the derived mass functions for incompleteness at the faint end.
Together with the mass functions published by , we now have a sample of 97 globular clusters that have measured mass functions, i.e. nearly 2/3 of all known Galactic globular clusters. For each cluster we determined the exact location of each individual HST field on the sky using the information found in the MAST Archive. For the comparison with the mass functions from the N -body models, we projected the N -body models onto the sky and determined mass functions only for stars that are located within these HST fields. In total we were able to obtain either kinematic or mass function data for 144 out of the 156 Galactic globular clusters, i.e. about 90% of all clusters.
N -body fits of the cluster data
We fitted the line-of-sight velocity and proper motion velocity dispersion profiles calculated in the previous section by a grid of dedicated N -body simulations to obtain the cluster parameters like total masses, half-light and half-mass radii. The details of the fitting procedure can be found in Baumgardt (2017) and Baumgardt & Hilker (2018) . In short, we searched a grid of about 1,600 N -body simulations of isolated star clusters with varying sizes, initial density profiles and initial mass functions until we found the model which best reproduces the observed velocity dispersion and surface density profile and the observed stellar mass function of each globular cluster. For the fitting, the N -body models were scaled to match the size of each individual cluster and we fitted the surface density, velocity dispersion profiles and, if available, the stellar mass function of the clusters. We interpolated in our grid of N -body models to increase the number of models available for comparison and improve the accuracy of our fits.
In this paper we expanded our fitting method to be able to fit clusters that have only a measured mass function but no kinematical information. We did this by guessing a value for the velocity dispersion at the half-mass radius of the clusters and then varying this value until our best-fitting N -body model predicts the same absolute number and the same distribution of stars over mass as seen in the observed clusters. We also applied this method to low-mass clusters with kinematic information like Pal 13, since we found that the observed number of cluster stars was significantly below the predicted number based on the velocity dispersion profile in these clusters. We attribute this difference to the influence of undetected binary stars which inflate the velocity dispersion profile (e.g Blecha et al. 2004 ) and regard the mass derived from the mass function fit as the more reliable value. Fig. 3 compares as an example the observational data for NGC 5272 (M 3) with our best-fitting N -body model. It can be seen that we obtain a very good fit to the observational data for this cluster. The best-fitting cluster mass that we obtain from matching the observed velocity dispersion profile of NGC 5272 (MC = 379, 000 ± 19, 000 M⊙) also predicts the correct number of main sequence stars in the range 0.2 < m < 0.8 M⊙ as determined by in the central 1.6 arcmin. In addition, the Gaia proper motion velocity dispersion profile is in good agreement with the line-of-sight velocity dispersion profile. Additional examples of fits to individual globular clusters can be found in Baumgardt & Hilker (2018) and on our globular cluster website.
RESULTS
Cluster distances
For clusters that have both well determined proper motion and line-of-sight velocity dispersion profiles we can also derive kinematic cluster distances from the fitting of the Nbody models. To this end we varied the assumed cluster distance until the combined χ 2 value derived from fitting the N -body models to the observed velocity dispersions is minimal. Fig. 4 shows a comparison of the distances derived in this way against the clusters distances given in the Harris catalogue (left panels) and the kinematic distances derived by fitting our N -body models only against the HST proper motion dispersion profiles of Watkins et al. (2015a) , which are based on the high-precision HST proper motions of Bellini et al. (2014) . It can be seen that we usually find very good agreement between the distances derived using the Gaia proper motions and either the distances in the Harris catalogue (which are mainly based on isochrone fitting of the clusters' color-magnitude diagrams) and the kinematic distances using only the HST data. The average ratio of the Gaia distances to the distances in the Harris catalogue is DGaia/DHarris = 0.97 ± 0.01 while it is DGaia/D W atkins = 0.98 ± 0.01 for the kinematic distances based only on HST proper motions. Both values are very close to unity. Also the typical distance differences (8% vs. the Harris data and 5% against the Watkins data) are of the same order as what one should expect based on the distance errors. The agreement is especially good for distances up to about 7 kpc. For larger distances the Gaia distances are on average 10% smaller than the other distance estimates, which could point to the fact that systematic effects become important at larger distances due to the small proper motions of the stars.
Another way to test for the accuracy of the kinematic distances is to compare them for a number of nearby clusters with distance estimates from the literature. We depict such a comparison in Comparison of the best-fitting kinematic cluster distances with literature estimates for four nearby clusters. The solid and dashed lines show the best-fitting kinematic distance and its 1σ error bar. GPA denotes the distances derived from averaging the parallaxes of all Gaia members. H10 are the cluster distances given by Harris (1996) . All other papers are indicated in the list of references. The kinematic distances agree very well with literature estimates except for NGC 6121, where our kinematic distance is higher by about 150 pc.
kinematic distances are in good agreement with recent literature determinations. The only significant deviation could be NGC 6121 where our kinematic distance is about 100 to 150 pc higher than recent literature values. However the Gaia distance agrees well with the distance derived from the Gaia parallaxes (once a systematic error of 0.04 mas is added to the error of the mean parallax obtained from the member stars) and the Harris (2010) distance is even larger than the Gaia distance. We conclude that the kinematic distances that we have determined should be fairly reliable. We therefore calculate new distances to globular clusters by taking a weighted mean of our kinematic distances and the distance from the Harris catalogue, assuming a relative distance error of 10% for the Harris distances. The distances and their 1σ errors calculated this way are shown by italics in Table 1 and we list the distances that we obtain from our kinematic fits in Table 3 .
Space orbits and initial mass distribution
In order to convert the mean proper motions derived in the previous section into velocities, we either used the distances that we determined kinematically in the previous section, or, for clusters without kinematic distances, we used the distances from Baumgardt & Hilker (2018) or Harris (1996) . From the distances and cluster velocities we also derived the space motions of the clusters, assuming a distance of d = 8.1 kpc of the Sun from the Galactic centre (Gravity Collaboration et al. 2018 ) and a velocity of (U, V, W)⊙ = (11.1, 12.24, 7.25) km/sec of the Sun relative to the local standard of rest (Schönrich, Binney & Dehnen 2010) . We also assumed a circular velocity of 240 km/sec at the position of the Sun, which is in agreement with the proper motion of Sgr A* as determined by Reid & Brunthaler (2004) and our adopted distance to the Galactic centre. We then integrated the cluster orbits backwards in time for 2 Gyrs, using a fourth-order Runge-Kutta integrator and determined the average perigalactic and apogalactic distances for each cluster. Table 1 lists the values that we obtain for the Milky Way mass model presented in Table 1 of Irrgang et al. (2013) . Their model is an updated version of the model suggested by Allen & Santillan (1991) and yields a very good match to recent determinations of the rotation curve of the Milky Way, the in-plane proper motion of Sgr A*, and the local mass/surface density. As a check of the robustness of our results, we also calculated cluster orbits using the Milky Way models of Johnston, Spergel & Hernquist (1995) In order to get an idea of the initial cluster masses, we also calculated the cluster orbits backward in time over 12 Gyr. In this case we applied dynamical friction to the cluster orbits according to eq. 7-17 of Binney & Tremaine (1987) :
where v is the velocity of a globular cluster, MGC its mass, ln Λ = 10 the Coulomb logarithm, ρ the density of background stars at the position of the cluster and X = v/ √ 2.0σ the ratio of the globular cluster velocity over the velocity dispersion σ of the background stars (taken to be 1/ √ 3 times the local circular velocity) at the position of the cluster. During the integration we also applied mass loss to the cluster orbits assuming that clusters lose mass linearly over their lifetime, i.e.:
The lifetime TDiss of a cluster was calculated based on eqs. 10 and 12 of (Baumgardt & Makino 2003) :
and
In the above equations, MIni is the initial mass of a globular cluster, NIni = MIni/ <m>Ini, the initial number of cluster stars, <m>Ini= 0.65 M⊙ is the initial mean mass of a star in a cluster, VG is the circular velocity of the Milky Way and ǫ is the orbital eccentricity. In the second equation the factor 0.50 reflects the mass loss due to stellar evolution, which reduces the mass of a cluster by about 50% within the first Gyr of its evolution. We note that the above equations were derived in a spherically symmetric, isothermal galaxy potential and will therefore only give an approximation to the evolution of Milky Way globular clusters. For each cluster we iterate over the initial mass until we obtain the current mass at the age of each individual cluster. It can be seen that Galactic globular clusters show a correlation between their present-day mass function slopes α and the amount of mass that has been lost from the clusters, the average mass function slope changes from α = −0.46 ± 0.11 for clusters that still retain an average of 40% of their initial mass to α = −0.16 ± 0.15 for clusters that with 20% of their initial mass to α = 0.20 ± 0.17 for clusters that have inly 10% of their initial mass remaining. Metalrich and metal-poor GCs follow more or less the same trend, indicating that the correlation is not driven by variations of the mass function with metallicity, but must be due to dynamical mass loss, which pushes low-mass stars towards the outer cluster parts where they are easily removed by the tidal field. The resulting mass loss decreases the cluster masses and also changes the mass function at the lowmass end towards less negative α values (fewer low-mass stars). This is confirmed by the solid lines and asterisks, which show the evolution of star clusters from the N -body simulations by and the Monte Carlo simulations by Askar et al. (2017) respectively. The data from the simulated clusters is taken at times around T = 12 Gyr to allow for a direct comparison with the globular clusters. The clusters in the N -body simulations start from Kroupa (2001) mass functions initially while the clusters in the Monte Carlo simulations have a slightly more bottom heavy IMF, which explains their initially more negative α values. The simulated clusters share the same correlation between mass function slope and mass lost that is seen for the globular clusters, a weaker change in the initial stages followed by stronger changes close to dissolution. Globular clusters that have lost only a small portion of their mass through dynamical evolution, have an average mass function slope around α = −0.6, flatter by about one dex then the best-fitting power-law mass function slope of a Kroupa (2001) mass function for stars in the mass range 0.2 < m < 0.8 M⊙. We take this as strong indication that globular clusters formed with initially bottom-light mass functions. Finally, there is very good agreement in the distribution of both clusters with and without direct mass function determinations, showing that the correlation between the mass lost from a cluster and the overall mass function slope is not driven by selection effects in the cluster sample that has direct mass function determinations.
3.3 Initial globular cluster population of the Milky Way Fig. 7 depicts the distribution of the current and initial cluster masses as a function of the present-day semi-major axis RSemi of their orbit in the Milky Way. We calculated the semi-major axes as the mean of the average apogalactic and perigalactic distance of the cluster orbits. The present-day cluster masses are shown by filled circles. They show a weak correlation with the semi-major axis of the orbit, a linear relation between log M and log RSemi gives as best-fitting relation log M = 5.23 − (0.30 ± 0.007) log RSemi. However most of this trend is due to clusters beyond RSemi > 30 kpc, which are on average less massive than the inner clusters. Excluding these, the relation changes to log M = 5.09 − (0.003 ± 0.013) log RSemi and is compatible with a mass distribution independent of Galactocentric distance. The reason for the lower masses of outer clusters could either be dynamical evolution having destroyed the M < 10 4 M⊙, low-mass clusters in the inner galaxy, or point to a different origin and formation mode of the outer clusters.
In contrast, the initial masses of the globular clusters which have survived to the present time are strongly increasing with decreasing distance to the Galactic centre. Inside 2 kpc in particular, most clusters that can still be found in the Milky Way have started with masses larger than 10 6 M⊙. This indicates that the current cluster population in the inner parts is most likely just a small portion of the initial population, with the other clusters having either dissolved by the strong tidal field or spiraled into the centre of the Milky Way and merged with the nuclear cluster of the Milky Way (Antonini et al. 2012) . We find that the current mass of the Galactic globular cluster system is 3.4 · 10 7 M⊙, about 1/3 of this mass being in the 10 most massive clusters alone (M19, NGC 5824, M14, 47 Tuc, NGC 2808, NGC 6338, NGC 6441, NGC 2419, M54 and Omega Cen). The initial mass of the currently surviving clusters was 1.5 · 10 8 M⊙, i.e. the currently surviving globular clusters have on average lost nearly 80% of their mass since the time of their formation through either stellar evolution mass loss or dynamical mass loss. Most of the dynamical mass loss is due to mass lost from low mass clusters in the inner parts of the Milky Way. The average mass-loss reduces slightly to about 75% for clusters with present-day masses larger then 10 5 M⊙. This is in agreement with the factor 2 to 4 In order to obtain a better estimate of how large the dissolved cluster population could have been, we plot the distribution of initial masses at different Galactocentric distances and fit log-normal distributions to the massive end of the resulting mass distributions. The initial mass distribution of the outermost clusters in the Milky Way with RSemi > 15 kpc, which should have been least affected by cluster dissolution, is well fitted by a log-normal distribution with mean log MIni = 5.2 and scatter σIni = 0.7 (see Fig. 8 ). Fig. 8 shows the distribution of initial cluster masses if we split the cluster population into three different radial bins. In each bin, the height of the log-normal distributions is chosen to match the number of clusters with masses MIni > 10 6 M⊙. This way, we find that the initial number of clusters was 500 with a combined mass of MT ot = 2.5 · 10 8 M⊙, larger by 50% than what is being accounted for by the remaining clusters. We can also fit the cluster distribution by a power-law mass distribution N (m) ∼ M β GC , with β = −2.0, similar to that seen for young star clusters in the Milky Way and other nearby galaxies (Hunter et al. 2003; Gieles et al. 2006; Baumgardt et al. 2013) . Assuming lower and upper cut-off values of 10 4 M⊙ and 10 7 M⊙ respectively, we then find that about 7000 globular clusters formed in the Milky Way with a combined mass of about MT ot = 5.4 · 10 8 M⊙, i.e. about a factor two larger than if clusters started with a log-normal mass distribution. The total mass of the Galactic bulge and halo is however still an order of magnitude higher (Sofue 2013; Irrgang et al. 2013; Bland-Hawthorn & Gerhard 2016) . It has been suggested that a large fraction of the Milky Way bulge stars have formed through disc instability processes and are not part of a classical bulge formed through mergers early in the formation of the Galaxy (e.g. Wegg & Gerhard 2013). However even if only 25% of the bulge are part of this classical bulge (Shen et al. 2010 ), disrupted globular clusters would Figure 8 . Fit of the initial mass distribution of globular clusters with N (m) ∼ m −2 power-law distributions (left panels) and log-normal distributions (right panels) for clusters with orbital semi-major axes larger than 15 kpc (top panels), 3 to 15 kpc (middle panels) and inside 3 kpc (bottom panels). In all panels the theoretical distributions have been matched to the number of globular clusters with initial masses larger than 10 6 M ⊙ . Both types of theoretical distributions provide a good match to the observed cluster distribution for the more massive clusters and imply significant cluster destruction in the inner parts.
still account for only a small fraction of the stars in the (classical) bulge and halo, unless most mass was in very low-mass clusters.
CONCLUSIONS
We have derived the mean proper motions and space velocities of 154 Milky Way globular clusters through a combination of the Gaia DR2 proper motions and ground-based line-of-sight velocities of individual member stars. Our mean proper motions show good agreement with the proper motions determined by Gaia Collaboration et al. (2018c) and Vasiliev (2018) based on Gaia DR2 proper motions. They are also in good agreement with the proper motions derived by Sohn et al. (2018) from HST data if we take a systematic error of 0.10 mas/yr in the Gaia proper motions into account. For about half of all globular clusters, the space velocities are accurate to a few km/sec, however the errors grow to nearly 100 km/sec for the most distant halo clusters. The limiting factor on the accuracy are currently the systematic errors in the Gaia proper motions and uncertainties in the cluster distances. We expect that both these error sources will decrease with future Gaia data releases.
We also derived the velocity dispersion profiles of 103 globular clusters based on the Gaia proper motions. Together with the line-of-sight velocity dispersion profiles published by Baumgardt & Hilker (2018) and new determinations of the stellar mass function of stars in the clusters, this has allowed us to model the internal kinematics of 144 globular clusters, i.e. more than 90% of the total cluster population of the Milky Way through a comparison with the results of a large set of dedicated N -body simulations. We have made the derived masses and structural parameters as well as the velocity dispersion profiles available on our globular cluster website https://people.smp.uq.edu.au/HolgerBaumgardt/globular/.
In order to derive the initial mass and the amount of mass lost from each cluster we integrated the cluster orbits backward in time and applied suitable recipes to account for the effects of dynamical friction and mass loss of stars to the clusters. We find a correlation between the present-day mass function slope and the amount of mass that has been lost from a globular cluster, showing that mass segregation and preferential loss of low-mass stars are important mechanisms shaping the mass function of stars in clusters. The mass function slopes are the same for both metal-rich and metalpoor clusters, arguing against a variation of the stellar mass function with metallicity in globular clusters. However given the significant cluster-to-cluster scatter in the mass function slopes, small metallicity dependent mass function variations cannot be ruled out either.
The dynamically least evolved globular clusters have power-law mass function slopes of α = −0.6 for main sequence stars in the range 0.2 to 0.8 M⊙, higher by about one dex than a Kroupa mass function over the same mass range. We take this as strong indication that globular clusters have started with bottom-light mass functions. Such a bottom-light mass function has recently been predicted for high red-shift galaxies with z > 6 due to heating from the cosmic microwave background radiation by Jermyn, Steinhardt & Tout (2018) . A bottom-light mass function could ease the tension between the large fraction of second generation stars seen in globular clusters and the much smaller fractions expected based on the yields of massive stars (Bastian & Lardo 2015; Renzini et al. 2015) , since with fewer low-mass stars present initially, a larger fraction can be polluted. A detailed numerical modeling of the different formation scenarios suggested for 2nd generation stars and their yields will be necessary in order to see if the mass budget problem can be solved this way.
Finally, the combined initial mass of all globular clusters that have survived to the present time was around 1.5 · 10 8 M⊙, a factor 5 larger than their current combined mass. Most surviving clusters in the inner parts of the Milky Way started with masses larger than 10 6 M⊙, even though for some clusters their present-day masses are up to a factor 100 lower. For a universal initial cluster mass function independent of galactocentric radius, this implies a large population of destroyed globular clusters in the inner parts of the Milky Way. The exact number of surviving clusters depends on the initial cluster mass function. If this mass function was a log-normal mass function, the initial number was around 500 clusters, rising to about 7,000 clusters for a N (m) ∼ m −2 power-law mass function.
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